In this paper, experimental and theoretical power output of a hybrid photovoltaic cell were analysed and compared for three different weather conditions (clear sky, partial cloudy, and overcast days). The hybrid photovoltaic cell consisted of low efficiency cell (mono-crystalline) and strips of Bosch M 2BB mono-crystalline cell as high efficiency cell. The current and voltage for the experimental results were measured by using optimal resistive load method. Theoretical daily power output of the hybrid PV cell was calculated based on the hourly incident energy on each section, the size of the section, and the electrical conversion efficiency of each section. The hybrid cell was evaluated within a low-concentrating symmetric compound parabolic concentrator suitable for building integration and was tilted at 54 ∘ . It was found that the theoretical daily power output on a clear sky, partial cloudy, and overcast days was higher than the experimental results by 136%, 109%, and 121%, respectively. The discrepancy was due to losses as the result of connecting wires series resistance effect, operating temperature effect, and the consequence of the fixed resistive load. However, it was the value of the optimal resistive load that had much impact on the experimental power output. To eliminate the restriction of the optimal resistive load on the experimental results, it is recommended to use data acquisition systems such as photovoltaic peak power measuring device 6020C 6020C or Keithley 2651A source-meter.
Introduction
One of the greatest challenges facing the world today is breaking fossil fuel dependence and promoting the development of new and renewable sources of energy that can supplement and replace the diminishing resources of fossil fuels. This is due to the fact that climate change, rise of price for conventional energy sources, and energy insecurity are the greatest threats to human, economy, and political stability, respectively [1] . Solar energy is clearly one of the most promising prospects to these problems since it is nonpollutant [2, 3] , renewable [3] , and available everywhere in the world although with varying intensity [3] . Solar power is more than capable of fulfilling the electricity demands of the whole world [3] . On the earth's surface, solar energy is converted into electrical energy through a process called photovoltaic effect [4] [5] [6] .
Electrical energy from photovoltaic (PV) can be generated from flat panel or concentrated panel. In both cases, the evaluation of the performance of the PV panel is determined from the values of current and voltage [7] [8] [9] . This is due to the fact that most important parameters such as shortcircuit current ( SC ), open-circuit voltage ( OC ), current at maximum power point ( MMP ), voltage at maximum power point ( MMP ), and power output at maximum power point ( MMP ) can be extracted from the current against voltage (I-V) curve [7] [8] [9] . In practical situation, current and voltage are experimentally measured by using either data acquisition systems [10, 11] or optimal resistance method [12] [13] [14] [15] [16] . The main advantage of using a data acquisition system is that it continuously adjusts the electrical load to achieve the maximum possible output power, thus presenting accurate value of power output. On the other hand, the use of optimal resistance method leads to power output losses for solar radiation outside the operating range of the optimal load value [17, 18] . The reason is that optimal load value does not automatically adjust the load to ensure maximum power output as solar irradiance varies throughout the day [18, 19] .
On the other hand, the performance of a PV system can be evaluated theoretically through simulation [20] [21] [22] Low efficiency PV cell High efficiency PV cell numerical calculations [23, 24] . Theoretically, it is possible to test different aspects such as design, layout, materials, and operation conditions prior to implementation of the actual system [25, 26] . In this way, actual experimentation can be avoided which is costly and time consuming. In addition, theoretical results are more accurate than experimental because the effects of optical, series resistance, nonuniform illumination, and high operating cell temperature are excluded [27] .
In an effort to improve the performance of the PV modules against non-uniform illumination, recently Paul and Smyth [28] designed, fabricated, and experimentally tested a hybrid PV cell consisting of high efficiency cell and low efficiency cell. The layout design and a complete fabricated hybrid PV cell are shown in Figure 1 . The hybrid PV cell was evaluated within a low-concentrating symmetric twodimensional (2D) compound parabolic concentrator (CPC) suitable for integration into the building envelope [29] . The motivation for such a design was to obtain high electrical power at low cost for the reason that the area occupied by high quality cell (which is expensive) was less (33%) than the area occupied by economical low efficiency cell (62%). However, outdoor experimental results indicated that the power output produced by the hybrid PV cell on a clear sky day, partial cloudy day, and overcast day was higher than that of standard PV cell only by 12%, 10%, and 9%, respectively. Considering the difference in conversion efficiencies between the two PV cells (17.5% for high efficiency cell against 12% of low efficiency cell) and the advantage of non-uniform illumination on the performance of the hybrid PV cell [28] , the reported results were below expectation. Therefore, the objective of this study was to carry out a detailed theoretical analysis of the power output generated by the hybrid PV cell under the three weather conditions (clear sky, partial cloudy, and overcast days) and compare the results with the experimental values. Underlying reasons were provided for the observed differences between the experimental and the theoretical results.
Materials and Methods

Specifications of the Compound Parabolic Concentrator.
In this study, a truncated symmetric 2D CPC with dimensions and fabrication materials shown in Figure 2 was used [28] . The design of this collector was based on the standard procedures described by Paul [30] . The collector had an acceptance half-angle of 30 ∘ and after truncation, the entrance width was reduced to 303 mm and the exit width remained 156 mm, making a geometric concentration ratio of 1.94. Aluminium sheet with reflectivity of 0.91 and opti-white glass with extinction coefficient of 4 m −1 were used as reflector material and aperture cover, respectively.
Performance Parameters of the Hybrid Photovoltaic Cell.
The hybrid PV cell used in this study was designed and fabricated by Paul and Smyth [28] and reproduced in this work as Figure 1 . This PV cell consisted of low efficiency (LE) cell and high efficiency (HE) cell. The low efficiency cell was mono-crystalline solar cell with performance parameters listed in Table 1 [31] whereas the high efficiency cell was Bosch M 2BB mono-crystalline cell with performance parameters listed in Table 2 [32].
Experimental Test Procedure.
The experimental results used in this work are from Paul and Smyth [28] . The measurements for these results were conducted during a clear sky day, partial cloudy day, and overcast day. These days were deliberately selected so that the results could represent the variations in solar irradiance typical in any given year. The experimental facilities were set at the Centre for Sustainable Technology Laboratory, Ulster University, Jordanstown Campus. The CPC (with a hybrid PV cell) was oriented North-South and tilted at 54 ∘ ( Figure 3 ). One pyranometer was fixed on the aperture of the CPC as shown on Figure 3 so as to measure global solar radiation while diffuse irradiance was measured by a pyranometer with a diffuser ring (not shown in Figure 3 ). Then, beam solar irradiance was obtained by subtracting diffuse irradiance from global irradiance. The ambient and cell temperatures were measured by 561 Fluke Infrared and Contact Thermometer while wind speed was measured by a digital anemometer fixed on the aperture of the CPC as shown in Figure 3 . The current and voltage were measured by using fixed resistive load method [18] where the optimal value was 102 mΩ. 6 is the temperature coefficient of the power output at maximum power point.
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Calculations of Theoretical Daily Power
Output. The theoretical power output of the hybrid PV cell (P Daily ) shown in Figure 1 (a), equivalent to the total time of the experimented test, was calculated based on the hourly incident energy on each section of the cell, the size of the section and the electrical conversion efficiency of each section using (1).
where
where i = 1, 2, 3, . . . , 10 is the number of sections forming the hybrid PV cell, G B , G D , C B , and C D are the beam solar irradiance on the aperture of the CPC, diffuse solar irradiance on the aperture of the CPC, beam energy concentration on the th section of the hybrid PV cell, and diffuse energy concentration on the th section of the PV cell, respectively. P Hour (i) is the hourly electrical power produced by the th section of the hybrid cell, P Hour is the total electrical power of the hybrid PV cell at every hour, A i is the area of the th section of the hybrid PV cell, and i is the conversion efficiency of the th section of the hybrid PV cell. The beam/diffuse energy concentration factor is the product of beam/diffuse optical efficiency and the aperture area of the CPC. The optical efficiency at each incidence angle was determined by using simulation program [33] . For sections of the hybrid PV cell occupied by connecting tabs as shown in Figure 1(a) , i = 0 thus, P Hour (i) = 0.
In calculating the power output, beam and diffuse solar irradiance that were measured during the experimental test (described in Section 2.3) were used. The diffuse solar irradiance was assumed to be isotropically distributed [34] . Figure 4 shows the variation of total and diffuse solar irradiance on the aperture of the CPC during the experimental test period. It can be seen that, during a clear sky day (Figure 4(a) ), total solar irradiance was symmetrical and very high throughout the experimental test period. The maximum total solar irradiance was about 942 W/m 2 (around solar noon) and, due to high degree of the atmospheric transparency, the diffuse solar irradiance remained below 200 W/m 2 for most of the time of the experimental testing. With regard to partial cloudy day (Figure 4(b) ), it can be seen that, due to clouds effect, the total solar irradiance before and after solar noon was not symmetrical and the value of the diffuse irradiance was always higher than 200 W/m 2 for most of the time.
Results and Discussions
Solar Irradiance during Experimental Test.
The total solar irradiance varied from about 260 W/m 2 to over 1,000 W/m 2 . In analysing the performance of a PV cell with a concentrating system, the influence of clouds is an important parameter to consider because the presence of clouds in the sky decreases the amount of global solar irradiance and increases the amount of diffuse irradiance. Thus, in addition to a significant drop in the power output, the diffuse irradiance modifies the distribution profiles of the incident energy on the surface of the PV cell. Figure 4 (c) shows the variation of total and diffuse solar irradiance during the experimental test period on overcast day. Overcast weather differs from both clear sky and partial cloudy days in the sense that most of the time the incident solar irradiance is diffuse. It can be seen from Figure 4 (c) that, before 12:20 hours, the weather condition was characterised by sunny-cloudy as illustrated by low and high total solar irradiance. For example, at 11:25 hours, the total solar irradiance was about 300 W/m 2 while at 11:55 hours it was over 1,000 W/m 2 . However, between 12:15 and 16:00 hours, the sky was completely full of clouds as demonstrated by both low total solar irradiance and high diffuse irradiance.
It was important to compare the theoretical and experimental power output for an overcast day because it has substantial impact on the power output of the hybrid PV cell (due to the fact most of the time the incident solar irradiance is diffuse). Figure 5 compares the experimental and theoretical power output produced by the hybrid PV cell on a clear sunny day. It can be seen that the theoretical power output was higher than the experimental values. However, the magnitude of discrepancy varied with the time of the day due to variations in solar irradiance. As illustrated in Figure 5 , when the incidence angle of the solar irradiance was higher than the acceptance half-angle of the CPC, e.g., between 10:40 ( in = +40 ∘ ) to 11:20 hours ( in = +32.5 ∘ ) and 15:20 ( in = −32.5 ∘ ) to 16:00 hours ( in = −40 ∘ ), the variation between the experimental and theoretical power output was less compared to when the incidence angle of the solar irradiance was within the acceptance half-angle limits of the CPC, i.e., between 10:20 hours ( in = +30 ∘ ) and 15:20 hours ( in = −30 ∘ ). For example, at 11:10 hours ( in = +32.5 ∘ ), the theoretical power output was higher than the experimental by about 110% whilst at 13:20 hours ( in = 0 ∘ ) the difference was very high, about 190%. On the other hand, when the comparison was made based on the total time of the experimental test, i.e., from 10:40 to 16:00 hours (i.e., daily power output as presented in Figure 6 ), the power output obtained from experimental was 47 W compared to 111 W obtained by calculations, indicating about 136% increase in power output from theoretical results. The divergence of the experimental result from the theoretical was due to losses due to connecting wires series resistance effect, operating temperature effect, and the consequence of the optimal fixed resistive load. Previous studies have shown that maximum power output decreases due to series resistance effect [35, 36] . For example, van Dyk and Meyer [35] observed that an increase in series resistance (from 0.36 to 3.60 Ω) contributed to a power loss of 50% after outdoor exposure of 130 kWh/m 2 . On the other hand, temperature increase has also a negative effect on the maximum power output of the solar cell [37, 38] . As indicated in Table 2 [32], the temperature coefficient for P MMP is -0.49%/K, indicating that, for every 1 ∘ C (274.15K) above 25 ∘ C (298.15K), the maximum power output of the PV cell decreases by 0.49%.
Comparison of Experimental and Theoretical Power Output on a Clear Sunny Day.
It should be noted that none of these effects were taken into consideration in the calculations for the theoretical power output. However, it is the value of the optimal resistive load that had much impact on the experimental power output, especially when the incidence angle of the solar irradiance is within the acceptance half-angle limits of the CPC. This was the main reason why the power output was almost constant between 11:30 and 15:20 hours for experimental values whereas the theoretical power output increased with time until the maximum value was reached at solar noon, 13:20 hours ( Figure 5 ). This is due to the fact that the value of the optimal resistive load used (102 mΩ) does not track well the power output below 500 W/m 2 and above 700 W/m 2 solar radiation intensities as illustrated in Figure 7 . This is explained by the fact that resistive load method does not continuously adjust the electrical load to achieve the maximum possible power output as the irradiance varies through the day. This leads to maximum power output losses for solar irradiance outside the operating range of the optimal load value. Note that the results in Figure 7 were obtained by exposing the hybrid PV cell to different illumination intensities (300 to 1000 W/m
2 ) while recording current and voltage at each intensity level. The maximum power output with variable load method was obtained from the I-V curve measured by Keithley 2340 source-meter whereas the maximum power output with the optimal fixed resistive load was measured when the load value of 102 mΩ was incorporated in the experimental circuit diagram.
Journal of Renewable Energy To illustrate the effect of optimal resistive load on the experimental power output, theoretical power output was calculated based on the optimal resistive load value that was used during the experimental test. Such power output is termed as "operational theoretical power output". As an example, Figure 8 shows the variation of the experimental and operational theoretical power output of the hybrid PV cell on a clear sunny day. It can be seen that the experimental result was closer to the theoretical result due to incorporating the effect of optimal resistive load value in the calculations. Figure 9 shows the comparisons of the experimental and theoretical power output of the hybrid PV cell on a partial cloudy day. It can be seen that the theoretical power output was higher than the experimental result, except from 15:30 to 16:00 hours. However, hours. This is because optimal resistive load does not track well the P MPP at higher solar irradiance as illustrated in Figure 7 . In addition, power output loss was due to series resistance and rise in cell temperature effects.
Comparison of Experimental and Theoretical Power Output on a Partial Cloudy Day.
To show the general variation between the experimental and theoretical power output for the whole day, instantaneous power output in Figure 9 was added together and the result is presented in Figure 10 . It can be seen that the power output obtained experimentally was 47 W compared to 98 W obtained by calculations, indicating about 109% increase in power output from theoretical results. Again, this difference is explained by the losses due to connecting wires series resistance effect, operating cell temperature effect, and the effect of the fixed resistive load.
To examine further the effect of fixed resistive load on the experimental power output, the value of the resistive load was reduced from 102 mΩ to 45 mΩ. Similar experimental test as the one described in Section 2.3 was carried out during one of the partial cloudy days and the comparison of the results is presented in Table 3 . It can be seen that the theoretical power output was higher than the experimental by about 194%. Therefore, there is a significant variation in the experimental power output when a load value of 45 mΩ was used instead of 102 mΩ. This is explained by the fact that the load value of 45 mΩ was not an optimal value as illustrated in Figure 11 . As shown in Figure 11 , the maximum power output of the PV produced with the load value of 45 mΩ does not correspond with that of the variable load method (which automatically adjusts the load as the solar irradiance varies throughout the day), except when the solar irradiance was 900 W/m 2 . This results into maximum power output losses for solar irradiance below and above 900 W/m 2 . It has been pointed out by Lasnier and Ang [19] that if the resistive load is smaller than the optimal value, the PV cell behaves as a constant current source (almost equal to the short-circuit current, independent of the voltage) which in turn causes nonlinear relationship between irradiance and output power and hence low output power.
Comparison of Experimental and Theoretical
Power Output on Overcast Day. The variation of experimental and theoretical power output generated by a hybrid PV cell on overcast day is shown in Figure 12 . It can be seen that although the value of theoretical power output was higher than the experimental value at any time, the difference was not as high as in Figure 5 (clear sky day) or Figure 9 (partial cloudy day). The difference was nearly constant through the experimental test period but the discrepancy between the theoretical and the experimental over the whole day was still very high (121%) as shown in Figure 13 . This is due to the fact the experimental power output produced with a load value of 102 mΩ was nonlinear with solar irradiance at low intensities (below 500 W/m 2 ) as shown in Figure 7 hence low power output. The reason is that fixed resistive load does not automatically adjust the load to ensure maximum power output as the solar irradiance varies throughout the day. 
Conclusion and Recommendation
In this paper, experimental and theoretical power output of a hybrid PV cell were analysed and compared for three different weather conditions (clear sky, partial cloudy, and overcast days). The hybrid PV cell consisted of mono-crystalline solar cell of 12% as low efficiency cell and strips of Bosch M 2BB mono-crystalline cell (17.5%) as high efficiency cell. The current and voltage for the experimental results were measured by using a fixed resistive load method. Theoretical daily power output was calculated based on the hourly incident energy on each section, the size of the section, and the electrical conversion efficiency of each section of the hybrid cell. The hybrid cell was evaluated within a low-concentrating symmetric 2D CPC suitable for building integration and was tilted at 54 ∘ . It was found that the theoretical daily power output on a clear sky day, partial cloudy day, and overcast day was higher than the experimental result by 136%, 109%, and 121%, respectively. The discrepancy was due to losses as the result of connecting wires series resistance effect, operating temperature effect, and the consequence of the fixed resistive load. These effects were not taken into consideration in the calculations for the theoretical power output. However, it was the value of the optimal fixed resistive load that had much impact on the experimental power output, especially when the incidence angle of the solar irradiance was within the acceptance half-angle limits of the CPC. This was due to the fact that the use of optimal load method does not automatically adjust the load as the solar irradiance varies throughout the day. Therefore, this has confirmed that the proposed hybrid PV cell is cable of generating high power output.
Since the use of optimal resistive load method was found to limit the values of the experimental power output, it is recommended that a data acquisition system such as PV Peak Power Measuring Device 6020C or Keithley 2651A source-meter which is capable of measuring high current value should be used. It is also recommended that when simulation analysis is used, it should take into consideration all the factors that affect the power output of the PV cell such as connecting wires series resistance and operating cell temperature. 
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